This paper studies a packetized direct sequence code division multiple access DS-CDMA wireless network for providing multimedia services to mobile users. A strategy for integrating transmission error control with power control is presented and evaluated for the reverse link transmission where orthogonal signaling and noncoherent demodulation are necessary. For delay insensitive tra c requiring a very low bit error rate BER, convolutional coding and an automatic retransmission request ARQ protocol are used to guarantee the transmission accuracy. By using the modi ed Viterbi decoder for decoding error detection, power control based on the received E b =I 0 the ratio of signal energy per bit to interferenceand-noise density is employed to minimize the total received power at the base station, resulting in a maximal frequency spectrum e ciency. Numerical results are presented to evaluate the optimal received E b =I 0 value, the system radio frequency spectrum e ciency, and the optimal packet length, given the required BER and the tra c type. It is shown that the spectrum e ciency can be signi cantly increased by using an ARQ protocol with the integrated optimal power control and convolutional coding for delay insensitive tra c.
Introduction
Research and development of wireless personal communication networks PCNs is increasingly gaining momentum within the telecommunications industry. Initial services o ered by PCNs are limited to voice and low-rate data applications. Future development of PCNs envisions applications for mobile users that extend to a broad range of multimedia services. As a packet-switching technique, asynchronous transfer mode ATM is the leading transport mechanism for broadband networks capable of providing constant, variable, and available bit rate services for multimedia tra c. An extended network consisting of a wireless subnetwork to support local mobile users and a wired ATM network as the backbone for interconnection allows users to have completely tetherless and mobile access to the network for multimedia services. Therefore, it is expected that wireless networks will be interconnected in the near future with wired broadband networks using ATM technology. One of the challenges in internetworking the wireless and wired networks is to guarantee quality o f service QoS requirements while taking account of the radio frequency spectrum limitations and radio propagation impairments.
Power control on the reverse link is a key issue in satisfying transmission accuracy requirement and achieving high capacity for wireless systems using direct sequence code division multiple access DS-CDMA. Signi cant research e orts have been devoted to the subject 1 . For voice only DS-CDMA systems, power control is to achieve equal received power from all the mobile users in each cell. In a multimedia environment, various tra c types require di erent QoS such as di erent transmission accuracy. As a result, the concept of power control for voice only DS-CDMA systems cannot be directly applied to multimedia wireless communications. More recently, p o wer control algorithms for multimedia CDMA systems have been proposed to satisfy various bit error rate BER requirements 2 -3 . Power control has also been studied as part of the optimization problem for system resource allocation 4 -6 . In the previous work on power control for multimedia communications, emphasis was placed either on the power control techniques to achieve a given required signal energy per bit to interference-and-noise density E b =I 0 ratio at the receiver for each tra c type, or on optimal system resource management including transmission rate and transmitted power allocation, base station assignment under the assumption that the required E b =I 0 is given. To the best of our knowledge, no work is available in the open literature on de ning the optimal received E b =I 0 value given the required transmission accuracy and the user tra c type.
On the other hand, to mitigate the impairments of wireless fading channels on digital transmission, convolutional coding for voice 7 and BCH Bose-Chaudhuri-Hocquenghem coding for low-rate video 3 without retransmission have been proposed, and BCH coding with retransmission has been applied to data transmission to guarantee a low BER 3 . Automatic retransmission request ARQ protocols have been studied for higher transmission accuracy based on CRC cyclic redundancy check 8 and on the modi ed Viterbi decoding algorithm 9 -10 . Previous work on convolutional coding with ARQ mainly targets coherent c hannels and is not suitable for a realistic reverse link of wireless CDMA systems. Over the reverse link, the transmission of a pilot signal from each mobile for coherent pseudorandom noise PN code synchronization and coherent detection is not well justi ed, due to extra interference to other users and the transmitted power needed. Hence, orthogonal signaling and noncoherent demodulation are necessary.
In this paper, we consider a packetized DS-CDMA wireless network capable of providing multimedia services in a protocol compatible with ATM. In particular, we study the transmission error control and power control for the noncoherent reverse link transmission where convolutional coding with ARQ and without ARQ is used for error sensitive tra c and delay sensitive tra c, respectively. A strategy for integrating the transmission error control techniques with power control is presented, which maximizes the frequency spectrum e ciency and, at the same time, guarantees various QoS requirements. Using a di erent approach from those of the previous work on power control for multimedia communications, our focus is to de ne the optimum received E b =I 0 value based on required transmission BER and the tra c type. The upper bound on BER performance for the error sensitive tra c is derived and numerical results are presented to evaluate i the optimal received E b =I 0 at base stations given a required BER value, ii the system radio frequency spectrum e ciency versus BER requirement, and iii the optimal packet length in order to maximize the frequency spectrum e ciency. It is shown that the spectrum e ciency can be signi cantly increased when using an ARQ protocol integrated with the power control and convolutional coding for delay insensitive tra c. The remainder of this paper is organized as follows. In Section 2, the packetized DS-CDMA system model that supports multimedia tra c is described, and the strategy of integrating transmission error control with power control is presented. The upper bounds of BER and retransmission probability are derived in Section 3 for the reverse link, and the numerical results of the transmission performance are discussed in Section 4. Section 5 gives the concluding remarks.
Integrated Error Control and Power Control
A packetized DS-CDMA system model is considered which supports voice, data and video tra c in a protocol compatible with ATM. The system operates in a frequency-division duplex mode. In the forward link, each base station transmits a distinct pilot signal in order for a mobile to choose its home base station and to determine its initial transmitted power. Each mobile terminal uses the pilot signal for its PN code synchronization and coherent detection. In the reverse link, connection admission control is needed in order to provide satisfactory QoS to mobile users transmitting di erent t ypes of tra c 11 . The reverse link consists of an admission control channel and a number of data transmission channels. During the admission process, a mobile user uses the admission channel to inform the base station of its tra c type, required transmission BER, transmission rate, transmission delay, etc.. Based on these parameters, the base station determines whether the system has enough resource to admit the mobile terminal. Once admitted, the mobile terminal transmitted xed length packets over the assigned channels. With packetization of user source information and parallel transmission over multiple data channels, the system can provide services for both constant bit rate and variable bit rate types of tra c. Since any burstiness in interference level causes substantial degradation in transmission quality o ver the duration of the burst, transmission is unsynchronized among users in order to give a distribution of interference closer to uniform than that with synchronized transmission, resulting in better statistical multiplexing.
In order to provide multimedia services, the wireless network should accommodate both delay sensitive tra c such a s v oice and video and error sensitive tra c such a s le transfer with guaranteed QoS. Usually, the transmission accuracy required for voice communications is BER p b 10 ,3 , and for low-rate video in applications such as video conferencing is p b 10 ,4 or 10 ,5 . On the other hand, error sensitive tra c may require a v ery low BER e.g., p b 10 ,9 . With DS-CMDA, the approaches to achieving various BER values include both error control and power control. Delay sensitive users with more stringent BER requirements can be accommodated by increasing their transmitted power so as to increase their received E b =I 0 values, resulting in a lower BER. However, the consequence is an increase in the interference seen by all other users in the wireless network, which will increase the BER for all other users or reduce the capacity of the system. Since DS-CDMA is interference limited, the system resources in terms of the frequency spectrum and the interference density level to others used by a mobile is generally proportional to the transmission rate and the received power level from the mobile. Consequently, a larger received power from a mobile means that the mobile occupies a larger portion of the system capacity. With a constant transmission rate, the lower BER value that a mobile requires, the more system capacity it needs. As a result, a very low BER value cannot be achieved simply by increasing the transmitted power of mobile terminals, especially taking into account hostile wireless propagation environments. In other words, power control itself may not be e cient in utilizing the limited radio frequency spectrum. Transmission error control techniques should be used in combination with power control. Channel coding can reduce the required E b =I 0 when the required BER is low, which can then increase overall frequency spectrum e ciency of the network. Coding is worthwhile if the increase in spectrum e ciency outweighs the cost of adding redundant coding bits to each packet. Here, we consider convolutional codes with rate r = b=n and constraint length K. L o w rate codes should be used which, when combined with spread spectrum modulation, can achieve maximum theoretical performance 12 . For delay sensitive tra c with moderate transmission accuracy requirements, power control and convolutional coding are used to support realtime services and to guarantee satisfactory BER values. Based on the used convolutional code and the required BER value for real-time tra c from a mobile user, the required E b =I 0 can be determined. The base station compares the measured E b =I 0 value with the target one, and then informs the mobile terminal whether to increase, decrease, or keep the same transmitted power level. No automatic retransmission request ARQ protocol is used for the delay sensitive tra c due to its strict transmission delay requirement.
For error sensitive data tra c, real-time delivery is generally not a requirement which is di erent from voice and video tra c. Therefore, in addition to convolutional encoding, an ARQ protocol can be used to achieve a v ery low BER value. To implement a n A R Q protocol for packets with convolutional encoding, the decoder should be able to detect decoding errors. The error detection can be implemented by using CRC codes at the end of each information packet or by using the modi ed Viterbi decoder 9 . With the modi ed Viterbi decoding algorithm, a retransmission request is generated according to the following strategy. If the di erence in the metrics of the survivor and the next best path is less than some prespeci ed value A 0, the survivor is labeled with an X. The X label remains on that path as long as it continues to be a survivor. If, at any level of the trellis, all the survivors are labeled with an X, a retransmission is requested, that is, when all survivors are considered unreliable a retransmission request is issued. This error detection is di erent from using CRC error detection after Viterbi decoding. The modi ed Viterbi decoder is preferred for the system model because of its following advantages: i no redundant bits are needed for each information packet for the purpose of error detection;
ii the system does not need to have the CRC encoder and decoder and, therefore, can avoid the processing delay due to CRC error detection; and iii by selecting di erent v alues of the decoding parameter A, the probability of transmission error and the probability o f retransmission can be controlled. Advantage iii facilitates the integration of transmission error control with power control to achieve the maximum frequency spectrum e ciency. I n general, increasing the decoding threshold A value will reduce the transmission error, at the expense of an increased retransmission probability. Give n a m ultiple access interference due to other users in the system and background noise density level, there is a one-toone relation between the required received E b =I 0 and the required received power. LetP denote the average received power required to achieve a BER of valuep b which is larger than the required BER p b . The probability of bit errorp b is to be further reduced to p b by retransmission.p b is determined as follows. The relation betweenp b andP depends on channel fading statistics, convolutional encoder structure, decoder parameter A, diversity reception order, multiple access interference due to other users in the system and additive white Gaussian background noise. Let P denote the statistical average of the received power which takes the retransmission into consideration, then the value of P needed to achieve a required BER p b is P =P 1 , p R 1 where p R is the probability of the packet retransmission, and is a function ofP , A, and packet length. In general, p R is very small, resulting in the value of P only slightly larger thanP. On the other hand,P can be much smaller than the received power required to achieve p b without retransmission, depending on the values of p b andp b . As a result, the received power P with retransmission is smaller than the required received power without retransmission, which i s v eri ed by the numerical results given in Section 4. Our strategy for optimal power control is to determine the received power levelP and hence the E b =I 0 value in such a w ay that the total received power P is minimized. In other words, based on channel coding scheme used and the required BER p b ,p b is determined which results in a minimal P, and power control is to achieve the target E b =I 0 value corresponding top b for the channel coding scheme used. In this way, error control is integrated with power control to achieve the required BER and a minimal interference level that the mobile introduces to all other users, leading to a maximal utilization of the radio frequency spectrum. The target received E b =I 0 value can be determined at the base station in the connection admission process based on the QoS requirements of the mobile terminal. For each delay insensitive tra c source, the base station compares the calculated optimal E b =I 0 value with the measured one. Based on the comparison, a power control command is then generated for the mobile. In the case that the cell has extra capacity a vailable, delay insensitive tra c sources may transmit more power than the target values as long as the BER requirements for all tra c sources can be guaranteed. Thus, the frequency spectrum e ciency can be maximized in a way similar to introducing the ABR service in a wired ATM network.
In summary, the integrated error control with optimal power control maximizes the utilization of the system radio frequency spectrum and, at the same time, guarantees various QoS requirements of mobile users. Considering di erent priorities of multimedia tra c, the strategy can be implemented by
Step 1: allocating the minimum received E b =I 0 to each delay sensitive tra c source for its required BER value without retransmission. Some connections with lower priorities have to be dropped i.e., the transmitted power from the mobiles is reduced to zero if no enough resource is available to guarantee the QoS requirements of all delay sensitive sources;
Step 2: allocating the remaining resource to delay insensitive sources where the received E b =I 0 for each source is determined such that the total received power P with retransmission is minimized. Some connections with lower priorities may h a ve to be suspended i.e., the transmitted power from the mobiles is reduced to zero if no enough resource is available. Some suspended connections may be resumed if there is extra resource remaining;
Step 3: allowing delay insensitive sources to have their received E b =I 0 larger than the corresponding optimal one if there exists an extra resource after all the suspended connections are resumed.
Here the resource is referred to the capacity for the received signal power from mobile terminals in each cell, given that the BER requirements of the mobile terminals can be satis ed. Details of implementing the power control to achieve a target E b =I 0 in a slowly fading environment can be found in 3 , where a power control algorithm combining closed loop power control with channel estimation is proposed and evaluated to give the best performance for the packetized multimedia tra c including voice, data, and low-rate video.
The numerical results on the optimal E b =I 0 value are presented in Section 4 based on the upper bounds of BER and retransmission probability derived in the next section.
Transmission Performance Analysis
In the following , we derive the upper bounds of BER and retransmission probability for the reverse link transmission which uses a convolutional code, an ARQ protocol, the modi ed Viterbi decoder, and M-ary orthogonal modulation with noncoherent detection. For convolutionally encoded binary phase shift keying BPSK over an unfaded additive white Gaussian noise AWGN channel with coherent demodulation and the modi ed Viterbi decoding algorithm, it can be derived that the probability of rst retransmission request at any decoding level and the probability of bit error are bounded respectively by where N is the number of information bits in each packet.
Over the reverse link, M-ary orthogonal modulation is used for the noncoherent detection at the base station receivers, which can be implemented by using BPSK combined with Hadamard-Walsh orthogonal sequences 13 . The information data sequence is convolutionally encoded, Hadamard-Walsh encoded, interleaved, and modulated by a P N c o d e sequence. The receiver consists of a noncoherent demodulator, a de-interleaver, and a modi ed Viterbi decoder with threshold A. F or real-time tra c, the decoding threshold A is set at zero and there is no retransmission request, which corresponds to using a conventional Viterbi decoder; for non real-time tra c, the threshold A 0 depends on the BER requirement. The bounds 4-5 of p r and p b can be extended to the case of the noncoherent detection in the reverse link with Rayleigh fading. Under the assumption of perfect interleaving and the multiple access interference due to other users in the network having a Gaussian distribution, the required excess energy of the noncoherent modulation in a Rayleigh fading channel over coherent BPSK in an unfaded AWGN channel can be obtained. Equations 4-5 can then be extended to the case of noncoherent modulation over a Rayleigh fading channel by taking account of the required excess E b =I 0 .
The frequency spectrum e ciency of the reverse link is de ned as the ratio of the maximum information bit rate from all the mobiles in each cell to the total frequency bandwidth of the wireless link, given that all the required BER values from all mobile users are the same and can be guaranteed. In general, the frequency spectrum e ciency decreases as the required BER value reduces. The spectrum e ciency can be directly transformed to the cell capacity, i.e., the maximum number of mobile users that each cell can accommodate given that the BER requirement can be guaranteed. Under the assumptions of i negligible background noise i.e., the interference-and-noise spectral density I 0 resulting mainly from multiple access interference, ii accurate power control, and iii perfect statistical multiplexing, it can be derived that the system frequency spectrum e ciency for a single-cell network is
where G is the processing gain of the DS-CDMA system, and E b =I 0 r denotes the target E b =I 0 value to achieve a probability of bit errorp b which results in the satisfactory BER with retransmission probability p R . In 7, 1=E b =I 0 r + 1 =G represents the single-cell spectrum e ciency 7 under the assumptions, while the factor 1 , p R i s t o t a k e i n to account the e ciency loss due to retransmission, and the factor N ,K,1 N i s t o t a k e i n to account t h a t a K ,1-bit tail of all zeros needs to be added to each packet in order for the decoding path to converge at the receiver decoder. Using packetized transmission, a header is added to each data segment to form a packet. If the header is viewed as an overhead, then the corresponding spectrum e ciency is
where N h is the length of the packet header in bits. Equations 7-8 can be extended to the case of a multiple-cell network by using the interference correction factor to take into account the interference from mobiles in all other cells. It should be mentioned that di erent implementation procedures of the power control will result in di erent p o wer control errors which, together with non perfection in the statistical multiplexing, will reduce the frequency spectrum e ciency. The numerical results presented in the next section is obtained based on the assumption of accurate power control and perfect statistical multiplexing, which demonstrate the benchmarking performance of the integrated error control and power control strategy.
4 Numerical Results and Discussion Table 1 lists the convolutional codes under consideration. The codes have the maximum free distance for the corresponding constraint length and code rate 14 -15 . Therefore, these codes give the best transmission performance asymptotically with coherent detection. For the reverse link with noncoherent detection, these codes also have the best BER upper bounds asymptotically o ver an L-path Rayleigh fading channel. Figures 1-2 show the upper bound of the BER performance for the codes with noncoherent demodulation using orthogonal signals M = 64 with the decoding parameter A = 0 over one-path L = 1 and two-path equal-strength L = 2 R a yleigh fading channels respectively. It is observed that the transmission performance improves as the code constraint length K increases and or the code rate r decreases, as expected. The BER performance improvement i s a c hieved at the cost of the transmission overhead and the complexity of the encoder and decoder. As L is increased from 1 to 2, the BER performance is also improved because diversity reception is an e cient approach to mitigating the e ect of channel fading. Figures 3-4 give the upper bound of the retransmission probability p r for the codes with the decoding parameter A = 1 0 o ver one-path L = 1 and two-path equal-strength L = 2 R a yleigh fading channels respectively. As the value of E b =I 0 increases, probability of bit error decreases, so does the probability of retransmission. For the same E b =I 0 value, the probability of retransmission decreases as the L value increases from 1 to 2 due to reduced e ect of channel fading on degrading transmission performance. Among the codes under consideration, code 4 has the best performance and code 1 has the worst in terms of requiring the minimum E b =I 0 for the same transmission error and retransmission probability. Tables 2-3 give the required E b =I 0 value and frequency spectrum e ciency for the codes in order to provide required BER performance over one-path and two-path equalstrength Rayleigh fading channels respectively, where retransmission is not allowed using a conventional Viterbi decoder for real-time tra c. The length of each packet is 50 bytes, with a 2-byte hearder and 48-byte information. It is observed that: i In order to provide higher transmission accuracy, the required E b =I 0 value increases, which results in a reduced frequency spectrum e ciency; ii In terms of the spectrum e ciency, the rate 1=3 codes perform better than the rate 1=2 codes and, for the same code rate, codes with a larger constraint length perform better; iii As L increases from 1 to 2, the spectrum e ciency of all the codes increases, due to the suppressed channel fading impairments. Tables 4-5 give the required E b =I 0 value, the optimal decoding parameter A value, and the frequency spectrum e ciency for the codes where retransmission is allowed using the modi ed Viterbi decoder for non real-time tra c. The packet length is equal to 50 bytes. It is observed that:
i The optimal decoding threshold A value increases as the required BER value decreases.
With ARQ, a smaller BER value should be achieved by both requiring a higher E b =I 0 value and having a larger A value i.e., a larger probability of retransmission, so that the total transmitted power taking retransmission into account is minimal;
ii For a large BER value such a s 1 0 ,3 , using ARQ does not increase the spectrum e ciency due to a large probability of retransmission. However, as the required BER value reduces, allowing retransmission reduces the required E b =I 0 value and hence increases the spectrum e ciency, at the expense of increased transmission delay due to retransmission;
iii The improvement of the spectrum e ciency by using ARQ increases as the required BER value decreases. At a BER of 10 ,9 , the e ciency is increased by 40 to 60 for L = 1 and 27 to 40 for L = 2 . A R Q is particularly e ective when the transmitted signal experiences deep channel fading;
iv Using ARQ, the spectrum e ciency is signi cantly increased for the rate 1 2 codes but only slightly increased for the rate 1 3 codes, when L is increased from 1 to 2. In fact, for a BER larger than or equal to 10 ,5 , the diversity reception reduces the spectrum e ciency when the rate 1 3 codes are used. This can be explained as follows. The bit energy E b is de ned as the received signal energy per bit from both diversity paths when L = 2 . With noncoherent demodulation, there exists an noncoherent combining loss during the process that signals from the two paths are combined. The loss decreases as the E b =I 0 increases or the BER decreases 16 . For a large BER value, the noncoherent combining loss is larger than the gain due to diversity, resulting in no performance improvement o r e v en worse performance. It should be mentioned that the comparison is based on the same total received signal energy per bit. In reality, with the same transmitted signal power and the same channel condition, diversity reception with L = 2 can achieve 3 dB larger received signal bit energy than that with L = 1. As a result, the diversity reception achieves better performance even at a large BER. It is expected that as the value of L increases such a s L = 4 o r L = 8, the required E b =I 0 value will decrease correspondingly with or without ARQ, as more diversity paths improve transmission accuracy. In the case of having ARQ, the optimal value of the threshold A also decreases as L increases. Figure 5 shows the spectrum e ciency as a function of the packet length N with a t wo-byte header for code 2 over one-path and two-path equal-strength Rayleigh fading channels respectively. When N has a small value up to 100 bytes, increasing N value achieves a better spectrum e ciency majorly due to the reduced overhead of the two-byte header. As the N value further increases, the spectrum e ciency gradually reduces because of the signi cantly increased retransmission probability. With the assumption of perfect interleaving, the variation pattern of the spectrum e ciency versus packet length does not change much a s L increases from 1 to 2 and or the BER value increases from 10 ,9 to 10 ,5 . A packet with 48-byte to 96-byte payload is a good choice for the code over the Rayleigh fading channel.
The above n umerical results are obtained under the assumption of accurate power control which removes the e ect of slow fading such as lognormal shadowing. In reality, imperfect power control may result in a lognormal distribution of local averaged over a short time period received E b =I 0 13 . The imperfect power control will degrade the transmission accuracy. As a result, the received E b =I 0 should be increased correspondingly to achieve the target BER. On the other hand, if ARQ is allowed, then the required increase of the E b =I 0 value or the received power is not signi cant, due to the fact that the slow fading is correlative and ARQ is particularly e ective to combat bursy errors.
Conclusions
The error control and power control issues have been investigated for the noncoherent reverse link transmission of the packetized DS-CDMA wireless network. The proposed integrated error control and power control strategy can simultaneously guarantee QoS requirements of various tra c types and maximize the frequency spectrum e ciency. The upper bounds of BER and retransmission probability for the orthogonal signaling with noncoherent demodulation are derived. Numerical results are presented to demonstrate the e ects of diversity reception, BER requirement, transmission delay requirement real-time or non real-time services, and packet length on the frequency spectrum e ciency. It is shown that, by using an ARQ protocol with the optimal power control and convolutional coding for delay insensitive tra c, the spectrum e ciency can be signi cantly increased up to 60. Table 3 : Required E b =I 0 dB and frequency bandwidth e ciency bit s Hz ove r a t wopath equal-strength Rayleigh fading channel without ARQ. Table 4 : Required E b =I 0 dB, optimal A value and frequency bandwidth e ciency bit s Hz over a one-path Rayleigh fading channel with ARQ. Table 5 : Required E b =I 0 dB, optimal A value and frequency bandwidth e ciency bit s Hz over a two-path equal-strength Rayleigh fading channel with ARQ. Figure 2 BER performance ove r a t wo-path equal-strength Rayleigh fading channel. Figure 3 Probability of retransmission over a one-path Rayleigh fading channel. Figure 4 Probability of retransmission over a two-path equal-strength Rayleigh fading channel. Figure 5 The frequency spectrum e ciency versus packet length N.
